Ò meter is a promising low cost electrochemical point-of-care unit for measuring blood glucose concentration ([gluc]) in cattle blood. The meter uses an algorithm that assumes the intra-erythrocyte [gluc] equals the plasma [gluc] on a molal basis, and that the hematocrit is similar in humans and cattle. Objectives: The primary objective was to determine the accuracy of the meter for measuring plasma [gluc] in dairy cattle. Secondary objectives were to characterize the influence of hematocrit and sample temperature on the measured value for [gluc].
Introduction
G lucose requirements in dairy cows increase from approximately 1.0 kg/day during late gestation to 2.5 kg/day during early lactation. 1, 2 Glucose in the plasma of adult ruminants is primarily derived from gluconeogenesis and in periparturient dairy cattle an inability to provide the required amount of glucose can result in hypoglycemia and hyperketonemia (Type I ketosis). 3, 4 An early and accurate diagnosis of hypoglycemia may therefore help in the diagnosis, differentiation, and treatment of Type I and II ketosis in dairy cattle and quantitation of the magnitude of negative energy balance in early lactation.
The Precision Xtra Òa unit is an electrochemical pointof-care meter that uses specialized electrochemical test strips that are screen-printed to monitor glucose and b-OH butyrate concentrations in whole blood. 5 The first layer of the test strip contains mesh and surfactants that facilitate retention of erythrocytes and passage of plasma by capillary action to an underlying layer that employs an enzymatic reaction, with the reaction products being detected by generation of an electrical current. [6] [7] [8] [9] Fundamental assumptions of this methodologic approach are that the measured value for blood [gluc] is minimally affected by changes in hematocrit [10] [11] [12] It has been known for more than 100 years that intraerythrocyte [gluc] is lower than plasma [gluc] in cattle, horses, pigs, and dogs, but not in humans and other primates. [13] [14] [15] [16] The low intra-erythrocyte [gluc] in domestic animals has been attributed to their ability to synthesize ascorbic acid from glucose and lack of expression of the GLUT-1 receptor on erythrocytes from adult animals, 17 which serve as the major transporter for ascorbic acid into erythrocytes. 18 A recent study demonstrated that using the Precision Xtra Ò meter produced lower measured values for blood [gluc] when blood samples were <32°C, presumably because the rate of the enzymatic reaction in the test strip was temperature dependent. 19 A potential effect of sample temperature on the measured [gluc] has not been explored in method comparison studies using human blood because blood samples for testing are usually obtained from the finger pad and immediately analyzed and are therefore assumed to be at approximately 37°C.
The low cost of the Precision Xtra Ò meter and test strips, coupled with its ease of use and rapid test results, potentially provides a clinically useful and practical on farm method to measure [gluc] in lactating dairy cattle. Method comparison studies evaluating the performance of the meter using cattle blood have raised concerns about the unit's accuracy, with the source of errors being poorly understood.
20,21
Voyvoda and Erdogan (2010) reported that [gluc] measured by the meter varied from 19 mg/dL (1.0 mmol/L) above to 9 mg/dL (0.5 mmol/L) below the true value. Wittrock and colleagues (2013) reported a similar range of variability with the meter measuring 20 mg/dL (1.1 mmol/L) above to 21 mg/dL (1.2 mmol/L) below the true value. Neither of these studies investigated the effect of Hct on the test performance nor employed a wide range of values for blood [gluc] . More extensive method comparison studies utilizing sheep and goat blood have identified proportional and constant biases for the meter relative to reference methods. [22] [23] [24] The methodology and algorithm used by the Precision Xtra Ò meter to calculate plasma [gluc] from the measured value in blood are optimized for blood samples from humans. We hypothesized that the algorithm used by the meter to calculate plasma [gluc] was inaccurate when analyzing bovine blood because intra-erythrocyte [gluc] is less than plasma [gluc] and the median Hct of bovine blood is considerably lower than the median value for human blood (43%). 12, 25 The primary objective of the study reported here was to determine the accuracy of the meter for the measurement of blood and plasma [gluc] 
Materials and Methods
All methods were evaluated and approved by the Purdue Animal Care and Use Committee. for close up cows. Primiparous and multiparous cattle were fed an acidogenic close up ration starting six and 3 weeks before parturition, respectively. After calving, all cows were switched to a lactating cow total mixed ration. The ration was fed once daily between 08:00 and 09:30 AM. Cattle were given ad libitum access to water at all times.
Measurement of Blood Glucose Concentration
Blood samples were obtained daily at approximately 09:00 AM from the coccygeal vein or artery on days À4, À3, À2, À1, 0, 1, 2, 3, 7, 14, 21, and 28 days relative to calving (day 0) using 20G vacutainer needles, vacutainer holders, and 10 mL lithium heparin blood collection tubes. The proposed puncture site at the ventrum of the tail was cleared from debris and feces by swabbing the site with gauze containing 70% isopropyl alcohol. Immediately after blood collection, blood [gluc] was measured in a drop of nonheparinized blood from the tip of the vacutainer needle using an electrochemical point-of-care meter.
a Coded glucose test strips that required a calibrator strip packaged in the box of test strips were used for the first 5 months of the study, after which noncoded glucose test strips were used.
At the reaction area on the test strip, 0.6 lL of plasma reacted with glucose oxidase to form gluconolactone. The presence of plasma in the reaction area completed a circuit between three electrodes (working, reference, and auxillary which is a fill trigger). Gluconolactone reacted with potassium ferricyanide to create potassium ferrocyanide, which then reacted with the electrode's metal creating a small electric current that was directly proportional to the concentration of glucose in the sample. After 5 seconds of reaction time, the meter used a proprietary algorithm to calculate [gluc] from the generated current, with the calculated value displayed on a screen.
Measurement of Plasma Glucose Concentration, Hematocrit, and Plasma Protein Concentration
Heparinized blood samples from the 106 cows were transferred to a climate-controlled laboratory area within 15 minutes of collection. Hematocrit was measured in triplicate using plain capillary tubes after centrifugation for 5 minutes at 14,800 9 g. The capillary tubes were then broken to obtain a small volume of plasma, which was measured using the meter in the same manner as that described above for blood; the time interval between measuring blood and plasma concentrations was always <30 minutes. Plasma total protein concentration was then measured in triplicate on the same small volume of plasma using a handheld analog refractometer.
b The remainder of the heparinized blood sample was then centrifuged within 30 minutes of collection for 5 minutes at 1,400 9 g. Plasma was harvested and transferred into duplicate polypropylene vials within 1 hour of centrifugation and stored at À20°C. 
Reference Method for Measuring Plasma Glucose Concentration
A plasma sample from the day of parturition for 102 of the 106 cows was analyzed at the Veterinary Diagnostic Laboratory at the University of Illinois Urbana-Champaign using an autoanalzer c ; insufficient volume was present in 4 of the 106 samples, thereby precluding analysis. Samples from the day of parturition were used because of the large range in the plasma glucose concentration on this day due, in part, to maternal hypercortisolemia. The reference method employed hexokinase to react with glucose in the presence of adenosine triphosphate (ATP) and magnesium ions (Mg
2+
) to form glucose-6-phosphate (G-6-P) and adenosine diphosphate (ADP). Glucose-6-P was then oxidized by G-6-P dehydrogenase to 6-phosphogluconate while the co-enzyme NAD + was reduced to NADH, with the change in NADH concentration being detected spectrophotometrically.
A second stored plasma sample was available from the day of parturition for 89 of the 102 cows that had plasma [gluc] measured using the hexokinase reference method. To remove any effect of sample temperature on the measured [gluc] p-meter value, the 89 samples were thawed at room temperature, vortexed, placed in a water bath at 37°C for 30 minutes, and measured using the Precision Xtra Ò meter.
Calculations
Direct reading point-of-care glucose meters such as the Precision Xtra Ò meter sense the content of reactive glucose in whole blood and therefore measure glucose content in terms of molality (mmol/kg of free water). Because it is preferable to present glucose content as a molar concentration in plasma ([gluc] p,molar in units of mmol/L of plasma), 12 glucose molarity is currently calculated from glucose molality in whole blood ([gluc] b,molal in units of mmol/kg of free water) assuming fixed values for Hct and plasma protein concentration ([PP]) of human blood, 10, 12 such that:
Equation (1) was developed for human blood and assumes that the free water content of the erythrocyte (f e ) is 0.71 times the intra-erythrocyte volume, and that the free water content of plasma = 0.93 L/kg of plasma based on a plasma protein concentration ([PP]) of 7 g/dL. When Hct = 43% (median value for adult humans), [gluc] p,molar = 1.11 9 [gluc] b,molal , and this is the standard correction factor applied when human blood is analyzed by point-of-care meters that do not have Hct-correction. [10] [11] [12] In other words:
where [gluc] b-meter is the molar value reported by the meter (units of mg/dL) when blood is analyzed.
Equation (1) needs to be revised for use in cattle because bovine blood has a different median value for [PP] and f e than human blood. 27 Experimentally determined values for f e range from 0.52 to 0.74 because of species differences in the amount of intra-erythrocyte protein (predominantly hemoglobin), and f e has been experimentally determined to equal 0.65 times the intra-erythrocyte volume in cattle. 27 Accordingly, the factors 0.93 and 0.71 in equation (1) must be revised if the equation is to be applied to cattle blood. A potentially more accurate equation for bovine blood is therefore:
Based on a plasma protein concentration ([PP]) of 6 g/dL and Hct of 33% for periparturient cattle, equation (3) 
where:
r ¼ ½gluc e;molal =½gluc p;molal ¼ f½gluc e;molar =f e g=f½gluc p;molar =ð1 À ½PP=100Þg ð5Þ
It should be noted that in equation (4) Combining equations (2) and (4) and algebraic rearrangement provides the following equivalent expression for blood:
Equation (6) simplifies to the following equation when the meter is used to analyze plasma because Hct = 0:
If the meter is used to analyze a blood and plasma sample obtained from the same blood vessel, then [gluc] p,molar is the same in equations (6) and (7) . Dividing equation (6) by equation (7) therefore provides:
Equation (8) can be rearranged to provide an expression in terms of r, such that:
A median estimate for r was therefore obtained for blood from periparturient cattle by measuring the [gluc] (using the meter), Hct and [PP] in blood, and the [gluc] (using the meter) in plasma, using the same venous blood sample. In equation (5), r is expressed as a ratio of molal concentrations (mg/kg of water). Because of differences in the free water content of erythrocytes and plasma, the highest theoretical value for r in molar units is approximately 0.75, which agrees with experimental findings. 13 Sensitivity of the dependent variable (percent error reading by meter assuming a correction factor of 1.11) to the 4 independent factors hematocrit, [PP], r, and f e in equation (5) were conveyed by a spider plot, which graphically depicted the relationship between the dependent variable and percentage change in 1 independent factor while the remaining 3 independent factors were held constant at typical values. 32 The spider plot was created using equation (5) and typical values for the blood of healthy humans (Hct = 43%, [PP] = 7.0 g/dL; r = 1.0; f e = 0.71).
Statistical Analysis
Data are expressed as median and range and P < 0.05 was assigned as statistically significant. Linear regression was used to characterize the relationship between [gluc] p-meter and temperature for 9 plasma samples obtained on the day of parturition. Deming regression was used to evaluate the relationship between [gluc] 
Effect of Temperature
Variation in sample temperature from 7 to 42°C had no detectable linear effect on the value for [gluc] p-meter in 4/4 samples when the sample [gluc] p-meter was < 160 mg/ dL ( Fig. 1; Table 1 ). In comparison, sample temperature had a linear effect on the measured value for [gluc] p-meter in 3/5 samples, where the value exceeded 160 mg/dL.
Method Comparison Study
Median [gluc] hexokinase for 102 cattle on the day of calving was 77 mg/dL, with a range of 33-284 mg/dL. Deming regression for [gluc] b-meter against [gluc] hexokinase for 102 cattle on the day of parturition indicated proportional bias (1.11; 95% CI, 1.05-1.18) that was significantly higher (P = 0.033) than 1, and constant bias (À17 mg/dL; 95% CI, À22 to À11 mg/dL) that was significantly lower (P < 0.0001) than 0 ( Fig. 2A) . The meter was linearly related to [gluc] hexokinase but measured 29 mg/dL (1.6 mmol/L) above to 32 mg/dL (1.8 mmol/L) below the true value. Bland-Altman plots indicated that bias increased linearly as mean glucose concentration increased (Fig. 2B) .
Deming regression for [gluc] p-meter measured at 37°C against [gluc] hexokinase for the 89 cattle on the day of parturition, where sufficient plasma was available to run both assays indicated proportional bias (1.51; 95% CI, 1.47 to 1.55) that was significantly higher (P < 0.0001) than 1, and constant bias (À22 mg/dL; 95% CI, À25 to À18 mg/dL) that was significantly lower (P < 0.0001) than 0 (Fig. 3A) . The meter was linearly related to [gluc] hexokinase but measured 124 mg/dL (6.9 mmol/L) above to 0 mg/dL (0 mmol/L) below the true value. Bland-Altman plots indicated that bias increased linearly as mean [gluc] increased (Fig. 3B) p-meter < 160 mg/dL indicated a proportional bias of 0.72 (95% CI, 0.69-0.74) that was significantly different (P < 0.0001) from 1 and a constant bias of +1 mg/dL (95% CI, À1 to 2 mg/dL) that was not significantly different (P = 0.33) from 0 (Fig. 4A) . This confirmed the implicit assumption in equation (9) that the relationship between [gluc] b-meter and [gluc] p-meter was linear with a zero intercept. Bland-Altman plots indicated that bias decreased linearly as mean glucose concentration increased (Fig. 4B) .
Calculation of r and the Ratio of Intra-Erythrocyte [gluc] to Plasma [gluc]
The median value for r was 0.25 for 1,109 paired blood and plasma samples from 106 periparturient cattle. Hematocrit ranged from 23 to 44% (median, 33%) and [PP] ranged from 30 to 90 g/L (median, 63 g/ L). Substituting the median values for r and [PP] and experimentally determined value for f e (0.65) into equation (4) produced the following equivalent expression that should be compared to equations (1) Sensitivity analysis using a spider plot (Fig. 5) indicated that the percent error in the measured value for [gluc] b-meter was most dependent on the value for r, moderately dependent on the Hct, and only minimally dependent on the [PP].
Effect of Hematocrit

Glucose Meter Performance
The meter failed to meet American Diabetes Association recommended performance requirements in that only 68% (69/102) values for [gluc] b-meter were within 15% of the reference value (goal is 100%). The meter failed to meet draft recommendations from the Food and Drug Administration published in early 2014 with 68% being within 15% of the reference value (goal 95%) and 82% (84/102) being within 20% of the reference value (goal 99%). The meter did not meet the total allowable error recommended by the American Society for Veterinary Clinical Pathology in hypo- 
Discussion
The major finding of the study reported here was that the intra-erythrocyte [gluc] is low in blood from adult cattle and approximately 18% of the plasma [gluc] when expressed in molar units. This estimate indicates that bovine erythrocytes are not very permeable to glucose and contrasts with human erythrocytes, which are very permeable to glucose. 13 Electrochemical pointof-care glucose meters calibrated for use in human blood are therefore likely to be inaccurate when applied to domestic animals such as cattle that have erythrocytes that are less permeable to glucose.
Our corpuscle to plasma glucose ratio of 18% was similar to previous estimates in adult cattle blood of 10-45%, 13 18%, 14 20%, 13 22%, 13 and 24%. 15 Collectively, these results demonstrate that the proprietary algorithm used by the meter cannot be accurately applied to blood from cattle because the algorithm assumes intra-erythrocyte [gluc] % plasma [gluc] on a molal basis. Interestingly, much higher corpuscle to plasma glucose ratios of 59% and 68% have been reported in calves up to 1 week of age, 13, 15 presumably because neonatal erythrocytes express GLUT-1 receptors. 17 It is therefore likely that a method comparison study performed using blood from neonatal calves will provide a different result to that in the study reported here.
This study used a wider range of plasma glucose concentration values (33-284 mg/dL) than that used previously 20,21 to validate the meter in blood from adult cattle. Our study also covered a wider section of the assay range (20-500 mg/dL) described in the meter user's manual than previous studies. A wide analytical range is very helpful in method comparison studies.
The effect of Hct on the accuracy of the meter for monitoring [gluc] in dairy cattle blood does not appear to have been previously investigated. The Hct range is reported to be 30-60% in the user's manual for the meter. The Hct range of cattle blood in this study was 23-44% (median, 33%) and consequently some cattle had Hct values below the recommended range for the meter. At a median Hct of 33%, equation (11) 10, 12 In other words, a species specific algorithm will be needed when blood from cattle or other domestic animals is analyzed using point-of-care meters that The spider plot indicates that these equations will produce minimal error in [gluc] despite large changes in [PP] and moderate changes in Hct. The coefficient of variation for [gluc] was lower for plasma than for blood; consequently the measurement of glucose concentration by the meter was more repeatable in plasma than in blood. Additional support for plasma being the preferred sample for analysis is provided by the value for r having the greatest impact on the accuracy of the meter (Fig. 5) , and the estimated value for r revealed large cow to cow variation.
The effect of strip temperature on the accuracy of the Precision Xtra Ò meter has been evaluated in human blood where use of strips stored at 10°C resulted in under-reading of the blood [gluc] . 37 The effect of sample temperature on the accuracy of the Precision Xtra Ò meter for monitoring [gluc] in dairy cattle has only been investigated in one other study. 19 That study expressed their findings as percent change from baseline and as such was not designed to determine whether the effect of sample temperature depended, in part, on the actual plasma [gluc] . Any enzymatic reaction, including that employed by the Precision Xtra Ò meter, is influenced by temperature and the moles of reactants in the analyzed sample. 38 To minimize the effect of temperature on enzyme activity, manufacturers of electrochemical strips provide a marked excess of enzyme so that the temperature dependence of the reaction speed is eliminated. The end result is that electrochemical strips are limited by the rate of diffusion of plasma to the electrodes, which are layered beneath the chemistry layer containing glucose oxidase and potassium ferricyanide. This rate of diffusion is sensitive to temperature with approximately 2% decrease in speed for every 1°C decrease in temperature. 38 For comparison, there was a 0.2-0.6% decrease in the measured value for plasma [gluc] for every 1°C decrease in temperature in the three plasma samples that demonstrated an effect of temperature in the study reported here. We suspect that a greater effect of temperature would have been detected if identical temperatures for the plasma sample and meter were investigated.
We investigated the effect of sample temperature on the accuracy of the meter using purposive sampling of a convenience sample. This sampling approach was based on an operational construct that low sample temperature would result in a lower measured value for plasma [gluc] , particularly in markedly hyperglycemic samples. We have demonstrated that this is the case for the Precision Xtra Ò meter when measuring plasma [BHB] (unpublished observations; 9/9 plasma samples with measured [BHB] > 3.1 mmol/L). Purposive sampling is susceptible to bias but appropriate when conducting initial exploratory investigations related to proof of concept, as in the study reported here. 39 Based on our preliminary findings, more detailed studies characterizing the effect of temperature on the measured value for plasma [gluc] using stratified random sampling and other appropriate study designs appear indicated.
We believe that measurement of plasma [gluc] is clinically valuable in periparturient dairy cattle, particularly during the period from day 3 to day 28 of lactation. Plasma nonesterified fatty acid concentration provides the best index of energy balance in lactating dairy cows from 1 to 10 weeks postpartum, 40 but its current cost (US$9.00/test) prohibits routine use as a monitoring tool. Plasma [gluc] is negatively associated with energy balance in lactating dairy cows to a similar degree as serum [ Our results are relevant to the use of electrochemical point-of-care meters in all species. In humans and other primates where r = 1.0, the major analytical errors have been attributed to changes in Hct and [PP] . 25 The derivation of equation (4) and application of the spider plot to graphically depict the relative contributions of four factors to analytical error indicate that changes in Hct play a more important role in these species than do changes in [PP] . It is worth emphasizing that in domestic animals and many other species where r < 1.0, the actual value of r has the greatest effect on the observed analytical error. We attribute the relatively poor performance of the electrochemical meter studied here, when evaluated using performance recommendations by the American Diabetes Association, Food and Drug Administration, American Society for Veterinary Clinical Pathology, and the International Standards Organization, to application of an incorrect algorithm rather than an inherent methodologic error. We anticipate that implementation of a species-specific algorithm or equations (12) or (13) will improve the performance of the meter when used to measure [gluc] 
